Aim To study the effect of aging retina on the multifocal electroretinogram (mfERG). Methods A total of 18 young subjects (age 18-24 years) and 36 elderly subjects (aged 60-85 years) with intraocular lenses (IOLs) were recruited for this study. No subjects had significant eye diseases or media opacities. mfERG was measured in standard conditions using the VERIS system (version 4.1). There were three groups of 18 subjects: (1) 18-25 years, (2) 60-70 years, and (3) 75-85 years. mfERG responses were grouped into central, paracentral, and peripheral regions for analysis. The N1 amplitude, P1 amplitude, N1 latency, and P1 latency of the first-order responses were analysed. Results Age had no effect on P1 latency, N1 amplitude, and P1 amplitude; however, N1 latencies from central to peripheral regions were significantly longer for group 3 than for group 1. Conclusions This study suggests that measured age-related decreases in mfERG responses are due to optical factors (decrease in retinal light levels, scatter) before the age of 70 years, but neural factors significantly affect mfERG topography after the age of 70 years.
Introduction
Many aspects of human visual function change with age, including visual acuity, contrast sensitivity, colour vision, visual field, and dark adaptation. [1] [2] [3] [4] The decline of visual function with age could be due to optical factors or neural factors. Age-related optical changes include the light absorption and light scattering caused by the crystalline lens. 5, 6 Age-related neural changes include the loss of rods, cones, and ganglion cells. [7] [8] [9] Psychophysical studies have demonstrated that rod-mediated sensitivity for older people is significantly lower than for younger people, 10, 11 and it has been found that foveal cone sensitivity also decreases with increasing age, especially after the age of 50 years. 12, 13 Earlier electrophysiological studies have shown age-related retinal changes using various ERG test protocols. 14, 15 Since the development of the multifocal electroretinogram (mfERG), 16 age-related retinal changes can be studied topographically. The standard mfERG allows us to examine the contribution of receptors and bipolar cells to the electrical response of the eye. 17 The effects of aging on mfERG topography have been studied extensively in recent years. [18] [19] [20] [21] [22] [23] Most of these studies have found that both central and peripheral mfERG responses decrease with increasing age, but the decrease is more prominent in the central retina. [18] [19] [20] [21] 23 However, the age-related decrease of mfERG responses could be due to optical factors (e.g. lens opacities) and neural factors. Therefore, pseudophakes are an excellent model for study of neural deficits.
The aim of this study was to investigate the neural effects of aging on mfERG topography, by examining patients after IOL implant surgery; we compared mfERG topography in young subjects and two groups of older subjects with IOLs. Amplitudes and latencies of the first-order mfERG responses were analysed in this study.
Method

Subjects
We examined 54 subjects whose ages ranged from 18 to 85 years. Each of three groups contained 18 subjects of similar age: (1) 18-25, (2) 60-70, and (3) 75-85 years. All subjects in groups 2 and 3 had undergone cataract surgery (phacoemulsification) with IOLs implanted, without postoperative complications. The subjects in group 1 were students at The Hong Kong Polytechnic University and the subjects in groups 2 and 3 were recruited from a private eye clinic.
All of the subjects were in good general health. To ensure that all subjects were free of retinal disease in the tested eye, they received an eye examination including visual acuity assessment, biomicroscopy, intraocular pressure measurement, and indirect ophthalmoloscopy. All subjects in this study had corrected visual acuity of 6/6 or better and refractive errors less than 73.00 D with less than 1.00 D astigmatism.
Research procedures in this study followed the tenets of the Declaration of Helsinki. All procedures were approved by the ethics committee of The Hong Kong Polytechnic University. Informed consent was obtained from all participating subjects after they were given an explanation of the study.
Stimulus conditions
The VERIS Science 4. 
Recording conditions
Pupils were dilated with 1% tropicamide (Mydriacyl, Alcon, Belgium) to pupil size of at least 6 mm. In this study, the average dilated pupil size for elderly group was not statistically significantly different compared to the young groups. A Dawson-Trick-Litzkow (DTL) electrode was used as the active electrode. The reference and ground electrodes (Ag-AgCl electrode) were attached to the ipsilateral outer canthus and forehead, respectively. Only one eye of each subject was tested and the other eye was occluded during recording. Refractive errors were fully corrected for the 35 cm viewing distance. The signals were amplified by 100 000 with band-pass from 3 to 300 Hz (Grass Instrument Co., Quincy, MA, USA). No line filter was used. A binary msequence of 2 15 was used for recording mfERG. Total recording time was 7 min 17 s in each complete recording. Each recording was collected in 32 segments, each approximately 14 s in length; subjects rested for a few seconds between segments. Any segment with breaks of fixation, eye movements, or blinks was discarded and recorded again. The recording conditions were performed according to the ISCEV guidelines.
Analysis
For the purpose of data analysis, mfERG responses were grouped into three regions: (a) central, (b) paracentral, and (c) peripheral (Figure 1 ). 18 In this study, the first-order kernel responses were analysed. Amplitudes and latencies of N1 and P1 were evaluated. The effects of aging on central, paracentral, and peripheral regions were evaluated by two-way ANOVA (using three groups Â three regions as the main factors). The Tukey HSD multiple comparisons test was used as post hoc test. P-values less than 0.05 were considered statistically significant.
Results
There are no effects of age on N1 amplitude, but there are statistically significant effects of region grouping on this parameter for each age group (Table 1; Figure 2a ). Tukey HSD multiple comparisons test shows that N1 amplitude among these three regions differs significantly. There is no significant interaction of age and region grouping for N1 amplitude. Findings are similar for P1 amplitude (Table 1; Figure 2b ); P1 amplitude decreases significantly with increasing eccentricity as expected, but there are no statistically significant effects of age and no significant interaction effects. 
Eye
There is a statistically significant latency effect for the N1 component (Table 1 ; Figure 2c ). The mean N1 latency of the younger subject group (Group 1) is faster than those of Group 2 by about 0.72 ms, and the mean N1 latency of Group 2 is faster than those of Group 3 by about 0.49 ms, but these changes are not statistically significant. However, Tukey HSD multiple comparisons test only shows that N1 latency from group 1 significantly differs from group 3 (P ¼ 0.01). There is no statistically significant retinal location effect and no significant interaction effect. For P1 latency however, while the trends in timing of the responses are similar to those of the N1 response (Table 1 ; Figure 2d ), there are no statistically significant effects for age group, regions, and no interaction effect. The typical waveforms of mfERG in these three groups of subjects are shown in Figure 3 .
Discussion
The number of cells in the human cerebral cortex decreases with increasing age 24 and the function and anatomical structure of the retina also change during aging. 7, 9, 25, 26 It is well known that visual functions such as visual acuity, contrast sensitivity, vernier acuity, and colour vision decrease with increasing age. 1, 27 Nevertheless, some of the visual functions are reported to be resistant to age-related changes. 28 These findings imply that not all kinds of neurons in the visual system are affected by age. 28 By removing the optical factors, our study shows that neural factors are not responsible for the previously reported age-related decrease of mfERG responses amplitude in the central retina. We found only a main effect of age on mfERG N1 latency; our results showed that N1 latency increased significantly when we compared young subjects and pseudophakic subjects over 75 years of age. Our results indicate that age-related changes of mfERG topography before the age of 70 years are caused by optical factors rather than neural factors.
An early study comparing mfERG topography in different age groups (18) (19) (20) (21) (22) (33) (34) (35) (36) (37) , and 48-52 years) showed that P1 amplitude from the central retina (101 in diameter) decreased significantly in the oldest group, 22 but this study did not show changes in N1 amplitude, N1 latency, or P1 latency with increasing age. However, Tzekov et al 29 showed that P1 amplitude and P1 latency decreased with increasing age. They also found that the decrease of P1 amplitude from superior retina was faster than inferior retina, but the decrease was similar for the nasal and temporal retina. Nabeshima et al 30 also found that subjects over 40 years of age showed reduced P1 amplitudes from central retinal regions (6.41 in diameter). Subjects over 50 years of age had lower P1 amplitudes in the central and peripheral retina (501 diameter) compared to 20-year-old subjects. However, P1 latencies did not change significantly with increasing age regardless of eccentricity.
Jackson et al 21 examined the effect of pupil size and media opacities on mfERG topography. They demonstrated that pupil size and media opacities could reduce mfERG responses. They concluded that both optical factors and neural factors (eg slowed temporal adaptation in the aged retina) caused the age-related changes in mfERG topography. Without accounting for the effects of pupil size and media opacities, Jackson et al 21 also found that both central and peripheral retinal responses (N1 and P1) decreased with increasing age and the greatest reduction occurred in the central 101 of the retina. They further showed that average N1 and P1 latencies in older subjects were longer than in young subjects. However, Dolan et al 31 showed that P1 amplitude and latency in the peripheral retina (60-901 of visual field) did not change significantly with increasing age even in subjects up to 75 years of age.
Our results were similar to those of Fortune and Johnson 19 who showed that P1 amplitude decreased and P1 latency increased at all eccentricities with increasing age in normal; they attributed the decline of mfERG responses with age to optical factors rather than to neural factors. 19 After adjusting for the effects of preretinal optical factors, they showed that P1 latency did not change significantly with age and only P1 amplitude from the central retina was slightly reduced with age. However, Gerth et al 32 showed that optical factors, which reduce retinal illuminance and increase intraocular scattering, could not fully account for the age-related decrease in mfERG response. They believed that the reduced responses in aged subjects might be attributable to age-related cell loss in the retina. 20 Their later study further demonstrated that the aging effect could also be observed in 'isolated flash responses' as well as 'adapted responses', 32 implying a neural basis for the effect. Recently, Seiple et al 18 have claimed that mfERG amplitude reduction with increasing age is mainly due to neural factors. They showed that central retinal responses decrease at a greater rate than the peripheral retinal responses. In addition, N1 latency and P1 latency tended to increase 0.02 and 0.03 ms per year, respectively; they examined subjects up to 81 years of age. All their subjects had best corrected VA of 20/25 and passed the Pelli-Robson contrast sensitivity test. The Pelli-Robson chart measures contrast sensitivity (0.5-2 c/deg) just below the peak of the contrast sensitivity function (2-6 c/ deg). As media opacities (eg cataract) have a greater effect on high spatial frequencies (5-10 c/deg) than low spatial frequencies (1 c/deg), 33 the Pelli-Robson chart does not provide a more sensitive measure of cataract than VA. 34, 35 Therefore, the confounding effects of preretinal optical factors on mfERG responses might still be present in their subjects. As recent studies have found that cataract could reduce mfREG responses, the preretinal optical factors should be noticed. [36] [37] [38] We believe that previous studies, which showed a significant decrease in mfERG response amplitude and an increase in mfERG response latency, may be due to the confounding effect of media opacities and the instability of fixation. 19, 39, 40 The different results reported by different studies may be due to different methodologies (eg stimulus luminance and band-pass 41, 42 ), assumptions, 19, 21 and different criteria for subject inclusion.
Since the ERG is an objective method of assessing retinal function, the effects of age on mfERG topography could be theoretically predicted by knowing the anatomical changes of the aged retina and the origin of mfERG. An earlier well-known study by Gao and Hollyfield 9 found that foveal cone density did not decrease significantly with increasing age even in subjects up to the age of 95 years, but cone density at the equator decreases linearly with increasing age. Only 6.7 and 23% of cones at the retinal equator were lost at the fourth decade and ninth decade, respectively. 9 Their results were well supported by Curcio et al 6 who showed that cone density in the rod-free fovea and the extrafoveal region did not change significantly with increasing age even in a retina aged 90 years. In contrast to the loss of cones, rods appear to be more vulnerable to loss by aging. Both Gao and Hollyfield 7 and Curcio et al 6 have found about 30% loss of rods in the ninth decade. Unfortunately, the effects of aging on the anatomy of bipolar cells in primates have not yet been reported. 43 It has been reported that there are no age-related changes in amacrine cells within the central 5 mm of the retina. 8 Anatomical studies have shown a progressive decrease in the number of ganglion cells with increasing age, with a more prominent decrease in the peripheral retina. 9, 44 The main contributions to the human mfERG are from cells of the outer retina. The leading edge of N1 is most probably related to the onset of the off-bioplar cells with a small contribution from the cones. The leading edge of P1 is related to on-bipolar cells and off-bipolar cells. 45 Under photopic conditions, it is believed that the rod system does not provide any contribution to mfERG responses, as it is suppressed by the high frequency and high luminance stimulus. 41, 45 In addition, damage to retinal ganglion cells or amacrine cells does not affect mfERG amplitude significantly 46, 47 and such damage has only slight effects on mfERG waveform. 45 The contribution of ganglion cells to the mfERG response would only be revealed under a specific condition and a specific set-up. 48 Since mfERG may be predominantly generated by bipolar cells and such a contribution is driven by functional photoreceptors, only damage of the cones cell or bipolar cells greatly decreases mfERG amplitude. 17 Our results have shown that central, paracentral, or peripheral mfERG responses to 441 of the central retina do not change significantly with increasing age; this implies that the functional abilities of cone and bipolar cells do not decline significantly before 70 years of age. In addition, only the N1 latency of mfERG responses in our oldest group was significantly longer than that of our youngest group. This implies that age-related retinal changes occur late in life (ie after 70 years of age). The results of this study suggest that when we measure mfERG in patients with IOLs, we should expect amplitude and latency values similar to those of young subjects. Increased latency and decreased amplitude in patients with IOLs is likely to imply abnormal retinal function.
